Itch is a defining symptom of atopic dermatitis. Crosstalk between keratinocytes, the immune system and non-histaminergic sensory nerves is responsible for the pathophysiology of chronic itch in atopic dermatitis. An expanding understanding of the contribution of the nervous system and its interaction with immune pathways in atopic itch are helping to identify new therapeutic strategies.
Introduction
Chronic itch that induces scratching is a defining symptom of atopic dermatitis (AD). 1, 2 Inadequately controlled itch in AD significantly affects quality of life, with high levels of work impairment, loss of productivity and sleep interference. 3 Proinflammatory cytokines from T cells and keratinocytes play a key role in the pathogenesis of AD and atopic itch, as previously reviewed. 4 The central nature of inflammatory pathways in AD is evidenced by the potent therapeutic effects of the interleukin-4 receptor alpha (IL-4Ra) antagonist dupilumab and the interleukin-31 receptor alpha (IL-31RA) antagonist nemolizumab. [5] [6] [7] [8] [9] [10] [11] However, there is growing appreciation for the contribution of the nervous system in AD-associated itch. 12 Crosstalk between the nervous system, the cutaneous immune system and keratinocyte populations is central to the development and persistence of atopic itch. 13 While immunosuppressants and corticosteroids reduce inflammatory components of AD, as well as itch, most of these treatments fail to target the substantial neural component of itch pathophysiology and are associated with suboptimal risk-benefit profiles. 14 Alternative therapeutic strategies may directly target the nervous system, or target points of intersection between nerves, immune cells and keratinocytes. Here, we review the pathways that link keratinocytes, the immune system and the nervous system in the pathophysiology of chronic itch in AD and outline possible therapeutic strategies to target these circuits.
Neural pathways that mediate pruritus in AD
Itch occurs when sensory nerves are exposed to exogenous and endogenous stimuli (pruritogens) including allergens, amines, proteases, neuropeptides and cytokines. 4, 15, 16 In the peripheral nervous system, the first event is binding of pruritogens to a subset of primary afferent C-fibre somatosensory neurons (pruritoceptors) that innervate skin. Pruritoceptor cell bodies are located in the dorsal root ganglia (DRG); they synapse to interneurons in the dorsal horn of the spinal cord. After pruritogens activate pruritogen receptors on the cutaneous nerve endings of pruritoceptors, calcium influx and activation of intracellular signalling pathways result in the transmission of an electrical impulse from the skin to the DRG and the spinal cord. This impulse is subsequently conveyed to the brain via the spinothalamic tract neurons. [17] [18] [19] The brain processes the itch signal, and motor activity (scratching) is induced. 20 Individual pruritoceptors are defined by their signalling response to specific pruritogens. One system for functionally classifying groups of pruritoceptors is by sensitivity to histamine, a common pruritogen. Histamine-responsive (histaminergic) and non-histaminergic pruritoceptors use largely distinct receptors and distinct cutaneous nerve fibres that follow separate spinothalamic tracts to connect with different neural pathways in the central nervous system (CNS). 4, 21 Figure 1 depicts the neuroanatomy of both pathways from the periphery to the CNS. This review focuses on non-histaminergic pathways, as histamine-dependent pathways do not contribute substantially to chronic itch in AD. 18, 22 Activation of many different pruritogen receptors can trigger non-histaminergic pathways relevant to AD. Pruritogens that activate these receptors include keratinocyte-derived proteins, mast cell factors, environmental chemicals, pathogen-derived molecules and cytokines (discussed below; also reviewed in Voisin et al. 2017, Dong and Dong 2018 23,24 ). A few notable examples of pruritogen receptor-pruritogen pairs relevant to AD are as follows: (i) proteinase-associated receptor 2 (PAR2), which binds a pro-peptide released by mast cell proteases or house dust mite extract proteases 4, 25 ; and (ii) several members of the Mas-related G protein-coupled receptor (Mrgprx) family, in particular Mrgprx2, which can be activated by the neuropeptide substance P. 16, [26] [27] [28] Many non-histaminergic pruritoceptors require the calcium ion channels TRPA1 and TRPV1 for itch signalling to the spinal cord. 26, 29 Within the spinal cord, itch signals are transmitted through the spinothalamic tract via gastrinreleasing peptide receptors (GRPR)+ neurons. 4, 30 Transmission of pruritoceptive signals via GPRP+ spinal cord neurons is regulated by inhibitory gamma-aminobutyric acid (GABA)ergic interneurons. Several studies have demonstrated that loss of GABAergic interneurons or downregulation of a GABA receptor subunit is essential for chronic itch in mice, suggesting GABA agonists could effectively treat itch in AD patients as well. [31] [32] [33] 
Figure 1
The neuroanatomy of itch pathways from the skin to the CNS. Itch is mediated by pruritogen binding to pruritogen receptors, such as PAR2 and Mrgprx, located on a subset of itch-sensitive primary afferent somatosensory neurons whose nerve endings innervate the dermis and epidermis. Itch-sensory neurons are C fibres; their cell bodies reside in the dorsal root ganglia of the spinal cord. Itch is perceived after signals initiated in cutaneous C-fibre neurons are transmitted by relay through the dorsal root ganglia to interneurons in the dorsal horn of the spinal cord and then via contralateral spinothalamic tracts to the brain. CNS, central nervous system; Mrgprx, Mas-related G protein-coupled receptors, in particular the subfamily X; PAR2, proteinase-associated receptor 2.
Crosstalk between immune cells, keratinocytes and peripheral nerves mediates atopic itch
Pruritus in AD results from orchestrated interactions between histamine-independent C fibres in the skin, keratinocytes and immune cells. Figure 2 illustrates lines of communication between these key populations in chronic itch in AD.
Immune cell-derived factors T helper cell 2 (Th2) lymphocytes, eosinophils, neutrophils and mast cells amplify inflammatory and pruritoceptive pathways in AD by releasing cytokines and neurogenic peptides. 4, 34, 35 Some AD-associated cytokines, IL-31 and thymic stromal lymphopoietin (TSLP), can directly promote itch via activation of pruritoceptive TRPV1+ TRPA1+ neurons that express their receptors. 36, 37 In addition, IL-4 may potentiate itch by sensitizing itch-sensory neurons to direct pruritogens, such as histamine and IL-31. 38 Cytokine-to-neuron signalling by IL-31, TSLP and IL-4all present in skin during AD flaresmay explain the rapid benefit of JAK1/2 and IL-4Ra inhibition vs. chronic pruritus and pruritus in AD. [36] [37] [38] [39] [40] [41] Figure 2 Crosstalk between nerves, immune cells and keratinocytes fuel pruritus in AD lesional skin. Immune cells and keratinocytes release pruritogens (IL-31, TSLP, substance P) and other factors that alter sensitivity to pruritus in AD, including the type 2 cytokine IL-4. These factors promote pruritus by interacting with their receptors (IL-31RA, TSLPR, NK-1R, IL-4Ra, respectively) expressed on histamine-independent C fibres innervating skin. Blue arrows designate direct pruritogenic signalling pathways. Keratinocyte-derived factors (TSLP, substance P) can also promote itch indirectly by activating Th2 immune cells, leading to further production of IL-31, IL-4 and IL-13. Finally, feedback loops involving IL-4 and IL-13 contribute to pruritus by inducing more TSLP expression in keratinocytes. The widespread expression of pruritogen and cytokine receptors on both keratinocytes and cutaneous C fibres illustrates the potential for crosstalk between keratinocytes, immune cells and the peripheral nervous system to drive itch in AD. AD, atopic dermatitis; CNS, central nervous system; KC, keratinocyte; Mrgprx, Mas-related G protein-coupled receptors, in particular the subfamily X; OSMR, oncostatin M receptor; PAR2, proteinase-associated receptor 2; TRPA1, transient receptor potential cation channel subfamily A member 1; TRPV1, transient receptor potential cation channel subfamily V member 1; TSLP, thymic stromal lymphopoietin.
Pruritoceptors bearing receptors for IL-31 and TSLP express high levels of JAK1. 42 In addition to communicating with neurons, IL-31 binds to its receptor IL-31RA on keratinocytes. A role for the IL-31:IL-31RA pathway in atopic itch is supported by the genetic association between IL-31 and lichen amyloidosis, an itchy skin condition associated with mutations that result in increased epidermal expression of IL-31RA. 43 
Contributions from keratinocytes
Keratinocytes promote itch by releasing additional pruritogens, including the alarmin TSLP, to directly activate pruritoceptive neurons. 25, 37, 44 Interestingly, keratinocytes express some of the same receptors that mediate pruritus sensation when expressed on neurons; this shared gene expression program may facilitate feed-forward loops in AD-associated itch. For example, mast cell proteases not only trigger pruritus via activation of PAR2 + sensory afferent neurons, 25 but also stimulate release of TSLP from keratinocytes. 37 In addition to its direct role as a pruritogen, TSLP from keratinocytes promotes atopic skin inflammation and pruritus pathways indirectly by activating immune cells. TSLP binds to TSLPR on Th2 cells and type 2 innate lymphoid cells, leading to production of pruritogenic type 2 cytokines. [45] [46] [47] Additional keratinocyte alarmins (e.g. IL-33) function similarly. 4 IL-4 and IL-13 can also synergize to induce TSLP expression in keratinocytes, 48 suggesting that additional pathogenic signalling networks may sustain the inflammatory response and associated pruritus pathways in AD. 46 
Neuronal inputs
Neuropeptides released by activated cutaneous neurons can also stimulate keratinocyte release of pro-inflammatory mediators, including substance P and calcitonin gene-related peptide (CGRP) 49 ; this feed-forward mechanism could fuel further neurogenic inflammation, keratinocyte proliferation and epidermal thickeningprocesses implicated in AD lesion formation. 25, 50 Both substance P and its receptor, neurokinin-1 (NK-1R), are overexpressed in pruritic AD lesional skin, as are TRPV2, TRPA1, Mrgprs, PAR2 and PAR4. 27 Substance P is a neuropeptide, i.e. factor secreted by peptidergic neurons, but it is also produced by keratinocytes. 51 In fact, as keratinocytes largely outnumber all other cell types in skin and therefore dominate whole-tissue transcriptional profiling, upregulation of TRP and PAR gene expression in AD lesional skin biopsy tissue probably also reflects gene expression in keratinocytes as well as neurons. These molecules represent potential new therapeutic targets to address the neuroimmune pathophysiology of itch in AD.
Itch-scratch phenomenon in AD
Scratching itchy AD lesional skin injures epithelial keratinocytes, the consequences of which include release of inflammatory alarmins, direct and indirect activation of type 2 immune cells and release of pruritogenic cytokines from both keratinocytes and immune cells. 25 Binding of these pruritogenic factors to pruritoceptive nerves triggers the desire to continue scratching. These feed-forward loops form the cellular and molecular basis of the 'itch-scratch cycle' in AD. 52, 53 Neural sensitization of pruritus in AD Sensitization describes the phenomenon that occurs with chronic itch (or pain) wherein a minimal stimulus leads to an enhanced neural response. In the setting of sensitization, the perception of itch (or pain) is enhanced, triggered by a lower threshold stimulus and may persist after the stimulus is removed. Many AD patients with chronic pruritus exhibit sensitization.
Neural sensitization of pruritus can occur peripherally and centrally. 12 Peripheral sensitization, defined by a decreased activation threshold of nociceptors on neurons, is induced by inflammatory mediators 54 and results in increased nerve fibre responsiveness and release of neurotransmitters such as glutamate and brain-derived neurotrophic factor. 54, 55 In central sensitization, which can also be induced by decreased inhibitory synaptic transmission via GABA and glycine receptors, 54 CNS pathways couple non-pruritic stimuli to pruritic sensation (alloknesis) and overreact to pruritic stimuli (hyperknesis). 56 Within the spinal cord, both interneurons and astrocytes contribute to central sensitization. 57, 58 In the skin of patients with AD, the threshold for electrically evoked itch is lower than in healthy controls, 18, 59, 60 and the sensitivity to pruritogens is increased. 18 Furthermore, a recent study found increased susceptibility to both cowhage and mechanically evoked itch, particularly intra-lesionally, in AD patients, a finding suggesting involvement of sensitization of the non-histaminergic pathway as well as mechanosensitive circuitry not normally associated with itch. 61 NK-1R-and GRPR-expressing dorsal spinal neurons were shown to play a key role in central sensitization, with involvement of NK-1R in both alloknesis and hyperknesis, and GRPR in hyperknesis alone. 15 Inflammation plays a key role in neural sensitization, as peripheral sensitization induces activation of glial cells in the spinal cord via the release of adenosine triphosphate, chemokines and proteases. 54, 62 Importantly, due to sensitization, alloknesis and hyperknesis persist after dermal inflammation has subsided, as illustrated by the intense itching experienced by patients with relatively mild eczema. 63, 64 Keratinocyte-derived nerve growth factor (NGF) has been linked to peripheral sensitization through induction of hyperinnervation. 65, 66 It has also been associated with enhanced membrane current via upregulation of TRPV1 expression on cutaneous nerve endings. 4 In addition, NGF upregulates the release of substance P and CGRP by nerve fibres, which contribute to hyperknesis and neurogenic inflammation. 18 Direct communication between substance P and mast cells plays a role Neuroimmune pathways in atopic itch 
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Current therapeutic targets and treatments for atopic itch
Studies of neuroimmune pathways have provided novel approaches for reducing itch in AD. New and emerging treatments for atopic itch are discussed here and summarized in the Table 1 . We included agents that have been tested in AD, and also those which may be of benefit based upon current scientific understanding of the pathogenesis of itch in AD. Several monoclonal antibodies targeting IL-4, IL-13, IL-22 or IL-31 have been investigated in AD clinical trials ( Table 1) . Nemolizumab (anti-IL-31RA), tralokinumab (anti-IL-13) and dupilumab (anti-IL-4Ra) all significantly reduced itch in AD, whereas lebrikizumab (anti-IL-13) only numerically reduced ADrelated itch ( Table 1) . Dupilumab is a human monoclonal antibody that blocks the shared receptor subunit for IL-4 and IL-13 (IL-4Ra), thus inhibiting signalling of both IL-4 and IL-13. As IL-4Ra-mediated type 2 cytokine signalling via Janus kinase-signal transducers and activators of transcriptions (JAK-STAT) in sensory neurons promotes itch, 38 dupilumab may also directly attenuate itch symptoms by inhibiting neuronal IL-4Ra and JAK signalling in addition to reducing type 2 inflammation. A novel human monoclonal anti-TSLP antibody (MEDI9929), given concomitantly with topical corticosteroids, only marginally reduced itch (compared with placebo) in a recently completed study in adults with moderate-to-severe AD (Table 1) , a finding suggesting that not all compounds targeting specific itch mediators have an anti-pruritic effect in AD. Antibody-mediated inhibition of IL-33, on the other hand, has been effective in an AD animal model and safe and tolerable in a phase 1 clinical trial ( Table 1) .
As a result of increasing appreciation for the neural contribution to AD-associated itch pathophysiology, neurally acting agents may serve as new therapeutic alternatives to immunomodulatory agents for AD. Treatments targeting GABA, TRPA1, NK-1R, opioid and cannabinoid receptors are yet to be investigated in AD but have been effective in chronic itch of other aetiologies. Based upon their mechanisms of action, they have potential to alleviate AD-associated itch. Selective JAK inhibitors and phosphodiesterase 4 (PDE4) inhibitors have shown efficacy in AD. Oral upadacitinib, a JAK1-selective inhibitor, was recently granted Breakthrough Therapy designation for AD by the US Food and Drug Administration, 67 and crisaborole, a topical treatment that inhibits PDE4 signalling, was approved in Europe and the US for the treatment of mild-to-moderate AD in patients aged ≥2 years. 17, 68 Both agents were effective in reducing itch (Table 1) .
Conclusions
Recent studies provide strong support for crosstalk between the nervous and immune systems in chronic atopic itch. Further elucidating the roles of peripheral and central sensitization and hypersensitization is key to understanding the chronicity and severity of itch in AD. Novel approaches, such as the use of agents that target neural or neuroimmune pathways, may provide additional treatment options for AD, thereby improving outcomes for AD patients and potentially other chronic pruritic diseases.
